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ABSTRACT 

We present the first spcctropolarimetric observations of a candidate of super-Chandrasekhar mass 
Type la supernova (SN): SN 2009dc. The observations were performed at 5.6 and 89.5 days after 
the -B-band maximum. The data taken at the later epoch are used to determine the interstellar 
polarization. Continuum polarization is found to be small (< 0.3%), indicating that the explosion 
is nearly spherically symmetric. This fact suggests that a very aspherical explosion is not a likely 
scenario for SN 2009dc. Polarization at the Si ii and Ca ii lines clearly shows a loop in the Q-U 
plane, indicating a non-axisymmetric, clumpy distribution of intermediate-mass elements. The degree 
of line polarization at the Si and Ca line is moderate (0.5% ± 0.1% and 0.7% ± 0.1%, respectively), 
but it is higher than expected from the trend of other Type la SNe. This may suggest that there 
are thick enough, clumpy Si-rich layers above the thick ^^Ni-rich layers (> I.2M0). The observed 
spcctropolarimetric properties, combined with the photometric and spectroscopic properties, suggest 
that the progenitor of SN 2009dc has a super-Chandrasekhar mass, and that the explosion geometry 
is globally spherically symmetric, with clumpy distribution of intermediate-mass elements. 
Subject headings: polarization — supernovae: general — supernovae: individual (SN 2009dc) — 
supernovae: individual (SNe 2003fg, 2006gz, 1991T) — white dwarfs 



1. INTRODUCTION 

Type la supernova (SN) is a thermonuclear explo- 
sion of a C-l-0 white dwar f in a close binary (see, 
iHillebrandt fc NiemeveJl2000l : iNomoto et allll994l for a 
review). When the mass of the white dwarf becomes 
close to the Chandrasekhar mass (~ I.SSMq), the ex- 
plosion is triggered. Thus, the ejecta ma ss of Type la 
SNe is always similar (jMazzali et al.|[2007f ). Accordingly, 
the observed properties of Type la SNe are more ho- 
mogeneous than those of core-collapse SNe, which have 
various ejecta masses. 

Thanks to this homogeneity. Type la SNe are used as 
a cosmological distance indicator. Although it is known 
that the maximum luminosity has a diversity, this can 
be corrected using the shape of the lig ht curve: the 
brighter SNe decline more slowly (e.g., iPhiUipsI [l99l 
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iPhiUiDS et aLl[T999h . Using Type la SNe as a distance in- 
dicator, the ac celerating nature of th e Universe ha s been 
revealed (e.g., iRicss et al . 1998; Pcr lmutter et al.| [T999). 

Recently, the discovery of a class of extremely luminous 
Type la SNe has caste d the q uestion on the progenitor 
scenario. iHowell et all (|2006f ) reported that SN 2003fg 
had a maximum brightness My = —19.9 mag. To power 
such an extreme luminosity, ~ 1.3M0 of ^^Ni is required. 
Despite the large ^^Ni production, the expansion veloc- 
ity of SN 2003fg (- 8, 000 km s"^ near the maximum 
brightness) is slower than normal Type la SNe (~ 10, 000 
km s""'^). From these facts, they suggested that the pro- 
genitor of SN 2003fg has a super-Chandrasekhar mass 
2M0). 

Another candidate of super-Chandras ekhar mass Type 
la SN is SN 2006gz (jHicken et al.ll2007t l. The maximum 
brightness is My ~ —19.74 mag when the host extinc- 
tion Ay = 0.56 mag is assumed. SN 2007if also shows 
spectral sim ilarities to SN 2003fg (seelYuan et a .1120071 : 
lAkerlof et al. ,2007, : iRau et al.ll2007t IScalzo et al.ll2010D . 

This class of objects commonly shows clear C 11 lines 
in the optical spectru m. The C lines are rarely seen in 
normal Type la SNe (jMarion et all 120061 : iTanaka et all 
l2008bD . The presence of C also seems to support a 
super-Chandrasekhar mass progenitor since it suggests 
that there is a lot of unburned elements above the thick 
^^Ni-rich layer. The C-rich ejecta mi ght also explain th e 
faintness of SN 2006gz at late phases ( Maeda et al.l200"9f ). 

However, there is a possibility that this class of ob- 
jects is an as pherical explosion o f a Ch andrasekhar mass 
white dwarf. IHillebrandt et all (|2007f ) discussed the dif- 
ficulty in synthesizing much ^^Ni in a differentially ro- 
tating white dwarf, and suggested an aspherical, lop- 
sided explosion of a Chandrasekhar mass white dwarf. 
iMaeda fc Iwamotol (j2009[ ) argued that a combination 
of the low velocity and the moderate light curve de- 
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cline rate of SN 2003fg is not compatible with super- 
Chandrasekhar mass explosion, although the observed 
properties of SN 2006gz are consistent with a spheri- 
cal explosion of a supcr-Chandrasckhar mass progeni- 
tor. They also suggested possible asphericity, if those 
two overluminous SNe are to be explained in a unified 
scenario. Asphericity must be one of the keys to under- 
standing the nature of the extremely luminous Type la 
SNe. 

Asphericity of extragalacti c SNe can be studied by po- 
larization measurements (see lWang fc Wheeleij|2008l for 
a review). Polarization is generated by the electron scat- 
tering in the SN ejecta. When a photon is scattered 
by an electron with nearly 90°, unpolarized light gains 
large linear polarization, whose vector direction is or- 
thogonal to the scattering plane. Since extragalactic SNe 
are point sources, the polarization vectors are cancelled 
out in spherically symmetric ejecta. Thus, if polarization 
is dete cted, it undoubtedly nieans asymmetry of the SN 
ejecta (jShaoiro fc Sutherlandl[l982l : lMcCalil98llHoflichl 
Il991t) . The larger degree of polarization means larger 
deviation from spherical symmetry. Past observations 
show that the continuum pol arization of n ormal Type 
la SNe is small, being < 0.3% (|Wan^eialJ[l99 7, 2003^ 
[200l [Leonard et al.l[2005l : lChornock fc FiliDDenkoll2008l) . 
Thus, the explosion of normal Type la SNe is almost 
spherical. 

In addition, polarization at the line has information on 
element dist ributioii. Scattering by lines ten ds to depo- 
larize lights (|JefFrevlll989tlKasen et al.ll2003l ). If the line 
scattering elements are distributed aspherically, the can- 
cellation of polarization vectors becomes incomplete at 
the absorption minimum of the P Cygni profile. As a re- 
sult, enhancement of the polarization degree is detected 
at the absorption. In other words, detection of the line 
polarization directly means that the distribution of the 
elements is not uniform in front of the photosphere. 

Although spectropolarimetry is a powerful tool, it 
was not performed for the three candidates of super- 
Chandrasekhar mass Type la SN so far. In this paper, 
we present the first spectropolarimetric observation of a 
candidate of super-Chandrasekhar mass Type la SN: SN 
2009dc. 

SN 2009dc was discovere d by IPuckett et al. 
in SO galaxy UGC 10064. iHarutvunvan et ah 
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performed the first spectroscopy and reported the slow 
expansion ve lo city a nd the presence of the C ii line. 
iMarion et al.l (|2009| ) performed infrared spectroscopy 
a nd reported non-detecti on of C i lines. 

lYamanaka et al.l ()2009t) showed that SN 2009dc is an 
extremely luminous event. If the distance modulus 
M = 34.88 mag and G alactic extinction Ay = 0.22 mag 
(jSchlegel et al.l I1998D are assumed, the peak absolute 
magnitude is My = —19.9 mag (even assuming null ex- 
tinction in the host galaxy). This is twice as bright as the 
average luminosity of Type la SNe. The required mass 
of ^^^Ni is estimated to be > 1.2M0. Thus, SN 2009dc 
belongs to the same class as SNe 2003fg and 2006gz: the 
fourth candidate of super-Chandrasekhar mass Type la 
SN. For the properties of SN 2 009dc, see also a recent 
paper bv lSilverman et aH (|2010l ). 

In this paper, we report the spectropolarimetric obser- 
vations of SN 2009dc and study the explosion geometry 



and the progenitor of this SN. In Section [2l we describe 
our observation and data reduction. In Section |3l we 
show the results of the spectropolarimetry. An estimate 
for interstellar polarization is also given. We summarize 
the intrinsic properties of continuum and line polariza- 
tion of SN 2009dc in Section |4l Our spectropolarimetric 
observations suggest that SN 2009dc is a nearly spherical 
explosion of a super-Chandrasekhar mass white dwarf. 

2. OBSERVATIONS AND DATA REDUCTION 

Spectropolarimetric observations of SN 2009dc were 
performed with the 8.2m Subaru telescope equipped 
with Faint Object Camera and Spectrograph (FO- 
CAS, iKashikawa elall [20021 ) on UT 2009 May 1.5 
(MJD=54952.5) and July 24.4 (MJD=55036.4). These 
epochs correspond to t = -1-5.6 and -1-89.5 days from 
the B band maximum (MJD=54946.9. [Yamanaka et al.l 
|2009| ). Hereafter, t denotes the days after the S-band 
maximum in the observer's frame. 

For the observation at t = -1-5.6 days, we used an offset 
slit of 0.8" width, a 300 lines mm~^ grism, and the Y47 
filter. This configuration gives a rather wide wavelength 
coverage, 4400-9000 A. At t = +89.5 days, given the 
expected small polarization level, we used a center slit 
of 0.8" width (with the same grism without any order- 
sorting filter) since the instrumental polarization of FO- 
CAS is negligible (< 0.1%) when the center slit is used 
(jTanaka et al.ll2008aD . This confi guration gives a wave- 
length coverage of 4000-7000 A. The wavelength resolu- 
tion is A/AA ~ 650 in both settings. 

For the measurement of linear polarization, FOCAS 
is equipped with a rotating superachromatic half-wave 
plate and a crystal quartz WoUaston prism. An inci- 
dent beam is split to ordinary and extraordinary lights 
by the WoUaston prism, and both rays are recorded on 
the CCD simultaneously. One set of observations con- 
sists of the integration with 0°, 45.°, 22.5°, and 67.5° 
positions of the half- wave plate. From this one set of ex- 
posures. Sto kes par ameters Q and U can be derived as 
described bv iTinber gcn (199f|). 

For the observations at t = +5.6 days, we performed 
three sets of four integrations with the exposure time 
of 2400 s for each set (600 s x 4). Also, one set was 
taken with the exposure time of 3600 s (900 s x 4). At 
t = +89.5 days, we took three sets of four integrations 
with the exposure time of 3200 s for each set (800 s x 
4). The total exposure time is 10800 s and 9600 s at 
t = +5.6 and +89.5 days, respectively. 

We derived Stokes parameters for each set of obser- 
vations independently. And then, these were combined, 
rejecting the apparent noises (by rejecting > 3cr points 
from the median of 30-50 A window, and by further vi- 
sual inspection). When the offset slit is used {t = +5.6 
days), the instrumental polarization of ^ — 0.4% is cor- 
rected by observing the unpolarized star s BD+32°3739 
and BD+28°4211 (jSchmidt et al.l [l992l ). The refer- 
ence axis of the position angle was calibrated by the 
observation of the st rongly polarized star HD 155197 
(jTurnshek et al.|[l990[ ). The wavelength dependence of 
the optical axis of the half-wave plate was corrected us- 
ing the dome flat taken through a fully-polarizing filter. 

The total flux was calibrated using the observati on of 
the spectrophotometric standard star BD+28°4211 (|Okel 
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Fig. 1. — Total flux and polarization spectrum of SN 2009dc at 
t = +5.6 days (blue lines). In polarization spectrum, ISP is not 
corrected for. Polarization data are binned into 20 A. In the top 
panel, the total flux of SN 2009dc (in lO^^^ erg s'^ cm'^ A'^) is 
compar ed with the norrnal Ty pe la SN 2003du (scaled flux, shifted 
by 3.0. IStanishev et al.l 120071 ) and the overluminous Type la SN 
2006gz (scaled flux, shifted by 1.5, [fficken et al. 200^). The red 
dashed lines show the estimated ISP (Section 13.31 1. Vertical lines 
at the Si II (A6347, 6371), O i A7774, and Ca II (A8498, 8542, 8662) 
lines show the 7,200 km s~^ and 12,000 km s~^ positions. 



Il990f ) at both epochs. TeUuric absorption Unes were also 
removed using the spectrum of this standard star. 

Throughout this paper, we define Stokes parameters 
as a fraction of the total flux: Q = Q/I and U = U/I, 
where Q and U can be expressed by Q = /q — /go and 
U = 1/15 — Ii35, respectively. Here le is the intensity 
measured throug h the ideal polarization fil ter with an 
angle 9 (see e.g., iLandi degrinnocentill200^ . The angle 
is measured from north to east. From Stokes Q and U, 
the position angle is obtained hy 6 = 0.5atan(J7/Q). The 
degree of total polarization is P = Q'^ + . Because 
of this definition, total polarization is biased in a posi- 
tive direction. This bias is corrected using the results of 
iPatat &: Romanielld ()2006[ ) when P is shown. 

3. RESULTS 

3.1. Spectroscopic Properties 

The top panel of Figure [T] shows the total fiux spectrum 
of SN 2009dc at t = +5.6 days (blue) compared with 
the s pectra of normal SN 2003du (gray, IStanishev et al " 



2007 ) and overluminous SN 2006gz (black, iHicken et al 



2003). SN 2003d u is a well-studied r iormal Type la 
SN ( z = 0.00638, iGerardv et al.| [200l lAnupama et"all 
[200a IStanishev et al.l |2007|). 2006gz is an overlu- 
minous Type la SN, which is a candida te for super- 
Chandrasekhar mass SN (z = 0.0236, iHicken et al.l 
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Fig. 2. — Total flux and polarization spectrum of SN 2009dc at 
t = +89.5 days (blue lines). In polarization spectrum, ISP is not 
corrected for. Polarization data are binned into 100 A. In the top 
panel, the total flux of SN 2009dc (in lO-^^ g^g g-i cm'^ A'^) is 
compa red with the normal T ype la SN 2003du (scaled flux, shifted 
by 2.0. IStanishev et al.ll200W) . The red dashed lines show the esti- 
mated ISP (Section [331. 



|2007() . Compared with normal Type la SNe, the spec- 
trum of SN 2009dc is unique in the following points: (1) 
very low line velocities and (2) pre sence of the carbon 
line (see also lYamanaka et al.ll2009l ). 

The velocity of the Si ii A6355 line is w = 7, 200 km s'^, 
lower than that of SN 2003du at a similar epoch (10,200 
km s-i at +6.2 days) and SN 2006gz (11,200 km s^^ at 
+6 days). The Si fine velocity of SN 2009 dc is close to 
that of SN 2003fg (8000 km s^^ at +2 davs. lHowell et alj 
l2006h . 

The C II A6578 line is clearly present in the spectrum 
of SN 2009de at +5.6 days. The velocity is v = 6, 700 
km s~^, which is also very low for a Type la SN. The C 
lines are rarely seen in Type la SNe ([M anon eTall [20061 : 
iTanaka et al.ll2008b( ). Even if they are seen, the detection 
is limited almost exclusively to the very early ph ases: the 
earliest detection was in SN 1990Nat -15 days (jM azzaiil 
|200H ). and the detection is usu ally at < —10 days for 
other SNe (jThomas et al.ll2007f) . In fact, the C ii line 
was also visible in SN 2006gz, but disappeared at —10 
days. In SN 2003fg, the C ii line was marginally present 
at +2 days. 

Figure [2] shows the total flux spectrum of SN 2009dc 
at t = +89.6 days compared with SN 2003du at t = 84.0 
days (jStanishev et al.l[2007f l. This epoch is a transition 
phase when the SN spectrum evolves from a photospheric 
spectrum to a nebular spectrum. In the spectra of both 
SNe. continuum emission is nearly absent, and emission 
features start to dominate the spectrum. Line features 
of SN 2009dc are narrower than those of SN 2003du even 
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Fig. 3. — Polarization data at t = +5.6 days in the Q-U plane. 
Different colors show the wavelength according to the color scale 
bar. ISP at 5500 A is marked with the gray point. The data are 
binned into 40 A. 



at this epoch. 

3.2. Spectropolarimetric Properties 

Observed Stokes Q and [/ at i = +5.6 days are shown 
in the middle panels of Figure [1] Polarization data are 
binned into 20 A. It clearly shows a variation in the po- 
larization degree at the Si ii A6355 and the Ca ii IR 
triplet lines. The change in the degree of polarization at 
these lines is ^ 0.5% (see Section for more details), 
which is broadly consistent with the past measurements 
for other Type la SNe ( Wang et al., 1997. 2003a, 2003; 
[Leonard et all l2005t [Chornock fc Filippenkol |20Q8|) . A 
smaller fluctuation is also seen at the O i A7774. 

Except for these lines, the degree of polarization is 
Q ~ —0.5% and U ~ —0.2%. No significant polarization 
variation is detected at the C ii line and in the wave- 
length region of < 6000 A, where the S ii lines and many 
Fe ii-Fe iii lines are present. 

The polarization data at t = +5.6 days are plotted 
in the Q-U plane in Figure [3] This also shows that the 
majority of the data is confined around Q ^ —0.5% and 
U ^ —0.2%. And, the polarization around the Si ii and 
Ca II lines deviates from this point, making a loop in the 
Q-U plane. This is also inferred from large variation in 
9 at these lines (Figure [1] see Section 14.21 for more de- 
tails). Accor ding to the classifi c ation of spectropolarime- 
try types bv lWang fc Wheeleil (|2008f ). SN 2009dc shows 
type Nl for the continuum (no significant dominant axis) 
and type L for the Si ii and Ca ii lines (large polarization 
change at the line). 

Stokes Q and U at the Ca ii IR triplet seem to have 
substructures, i.e., the main peak around 8300 A and 
a small peak at 8450 A. To identify these peaks, the 
position of three lines (A8498; 8542, 8662) are marked 



with the Doppler shifts oi v — 7,200 km s~^ (photo- 
spheric component) and v = 12,000 km s^^ (high ve- 
locity component) in Figure [T] It is found that the 
small peak at 8450 A originates from the photospheric 
component of the reddest Ca ii A8662, while the main 
peak is a combination of the photospheric component 
of the other two lines and the high velocity component 
of the three lines. Similar substructures were also seen 
in the polarization spectrum of SN 2004S at +9 days 
(jChornock fc Filippenkol l2008l ) . but polarization of the 
high velocity component is smaller than the photospheric 
component in SN 2004S. 

We also mark these two velocity components for the 
Si II line. Stokes U has a strong peak at a similarly high 
velocity (v = 12,000 km s~^) and polarization variation 
is seen up to w ~ 15,000 km s~^. Note that the total 
flux has the absorption minimum at v = 7, 200 km s^^ 
and does not show a strong blue wing. 

Figure [2] shows the polarization spectrum at t = +89.5 
days. Given the low S/N ratio, the data are binned into 
100 A. The overall polarization level is similar to that 

at t = +5.6 days (Q 0.5% and U 0.2%). No 

significant variation (with > 0.5 % level) of polarization 
is detected at the lines. Also, the polarization angle 6 is 
nearly constant. Spcctropolarimetry type at this epoch 
is type Nl. 

3.3. Interstellar Polarization 

The spectropolarimetric data suffer from interstellar 
polarization (ISP) both in our Galaxy and the host 
galaxy. To discuss intrinsic properties of the SN polar- 
ization, ISP must be corrected. In this section, we give 
an estimate of ISP. 

There are several possible methods to estimate ISP. 
When only single-epoch data arc available, and if there is 
a dominant axis (a straight line in the Q-U plane) in the 
polarization data, we may assume global axisymmetry of 
the SN ejecta and take an ISP at either end of the line 
in the O-U plane (iHowell et al.l l2001l: IWang et al.ll200lL 
I2003bt iTanaka et al.ll2008al) . Another method is assum- 
ing complete depolarization at strong emission lines (e.g., 
Kaw abata ct al. 2002; Leonard et al. 2005; Wang et al.l 
20061 : iMaund et al.ll2007f l. This method is justified be- 



cause the emission part of P Cygni profile consists largely 
of line-scattered, depolarized photons. However, it must 
be carefully done becaus e depolarization is not necessar- 
ily complete (jTanaka et a l. 2009). 

To avoid the uncertainty caused by these methods, we 
use spectropolarimetric data taken at t = 89.5 days. As 
shown in Figure [21 the spectrum at this epoch does not 
have clear continuum light, and electron scattering is not 
important. In addition, the emission features, which are 
intrinsically unpolarized, dominate the spectrum. Thus, 
the light from SN at this epoch is assumed to be intrinsi- 
cally unpolarized, and the observed polarization can be 
considered as ISP origin. 

For the wavelength dependence of ISP, we assume the 
follo wing relation, which is valid for the Milky way like 
dust (jSerkowski et al.lll975[ ): 



P(A) = Pn,axexp[-Xln2(A„iax/A)] 



(1) 



Here Amax is the wavelength at the peak of the ISP, Par, 
is the degree of the ISP at Amax, and K is given as K 
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Fig. 4.— Total flux (F^ in IQ-^^erg s'^ era-' A"!), ISP- 
corrected, bias-corrected polarization P, polarized flux {PFx in 
10"^'' erg ^~^), and position angle 9 of SN 2009dc at 

t = -1-5.6 days. In the plot of position angle, the data around the 
Si and Ca lines are highlighted because, except for these parts, 
position angle is erratically scattered and not meaningful due to 
the almost null polarization. Vertical lines at the Si II {A6347, 
6371), O I A7774, and Ca II (A8498, 8542, 8662) lines show the 
7,200 km s~i and 12,000 km s~i positions. 

0.01 + 1.66 Amax (/im) (jWhittet et al.lll992[ ). We assume 
Amax = 5500 A conventional choice. 

The best simultaneous fit of the Stokes Q and U aXt 
4-89.5 days can be obtained {x^ /dof =1.1) when Qisp = 
-0.50% and C/jsp = -0.25% at 5500 A, i.e., Fisp max = 
0.56%, 6lisp = 103°. This ISP is shown in red dashed 
lines in Figures [T] and [5] and gray circle in Figure |31 Note 
that the uncertainty of the ISP is ~ 0.15%, which is a 
typical error of the Stokes Q and U {x^/dof < 2.0 with 
this uncertainty range). 

The degree of ISP is also c onstrained by the tota l ex- 
tinction: P/E{B - y) < 9% (|Serkowski et al.lfT975l) . In 
the line of sight to SN 2009dc, the extinction by our 
Gala xy is E{B - V)g^i = 0.071 mag (Schlegcl et al.l 
|1998[) . The extinction by the host galaxy is not cer- 
tain. In our spectrum, narrow Na i D lines are detected, 
and their equivalent widths are EW= 0.5 and 1.0 A for 
our Galaxy and the host galaxy, respectiv ely (these are 
slight ly lower than the values reported bv iMarion et al.l 
[20091) . If we assume a host extinction proportional to 
the EW, the host extinction is E{B - T^)ho st = 0.14 mag. 
Altern atively, if we use the relations by iTuratto et al.l 
(|2003D . we obtain E{B - F)host = 0.15 mag or 0.47 mag. 
Thus, the upper limit for the ISP is P < 0.63% in our 
Galaxy and P < 1.3% (tightest when E{B - V) = 0.14 
mag) in the host galaxy. The ISP estimated above is 
consistent with these upper limits. 

4. EXPLOSION GEOMETRY AND PROGENITOR 
OF SN 2009dc 



4.1. Overall Asymmetry 

Figure H] shows the ISP-corrected, bias-corrected to- 
tal polarization P at t = 5.6 days. Assuming the ISP 
estimated with the later epoch data, the continuum po- 
larization is found to be < 0.3% measured at the line-free 
region at 6500-7300 A. Although there is a fluctuation in 
polarization around 6600 A (this is less significant in the 
original Stokes Q and U , Figure [1]), there is no corre- 
sponding line there. Thus, we take this part as an upper 
limit of the continuum polarization. 

The small degree of continuum polarization is 
consistent with o ther n o rmal Type la SNe (e.g. , 
Wang et all [19971. 1 2003a'. [200l [Leonard et all [2003: 
Chornock fc Filippenka.2008[ r The small degree of con- 
tinuum polarization indicates that the overall shape of 
the photosphere is nearly spherically symmetric. If a 
pure electron-scattering ellipsoid is assumed and if it 
is viewed near 90 degrees, the axis ratio of the photo- 
sphere deviates le ss than 10% from unity (|H5fiich,199ll : 
iWang et al.l[l99l . 

4.2. Element Distribution 

Variation of polarization degree at the lines is clearly 
detected at Si ii A6355 and the Ca II IR triplet, and 
O I A7774 in the data taken at t = +5.6 days (Figure [1]). 
The line polarization means that the distribution of these 
elements are not spherically symmetric. The degree of 
the total polarization is 0.5% ±0.1% for the Si ii line and 
0.7% ± 0.1% for the Ca ii hnc (ISP-corrected P, Figure 
[31). The polarization change at the O i line is affected 
by the choice of the ISP (P < 0.3% in ISP-corrected P, 
Figure[4|), but fluctuation in the original Stokes Q and U 
is ^ 0.2% (Figure[T]). The degree of the line polarization 
is similar to that of normally luminous Type la SNe with 
normal expansion velocities. 

If we look at the ISP-corrcctcd polarization (Figure [4]), 
the smaller polarization change is also marginally seen at 
Si ii-Fe III absorption at 4800A and Si ii A5789. But these 
are not significant, and their significance does depend on 
the choice of the ISP. 

Polarization at the Si ii, Ca ii, and O i lines is plotted 
in the Q-U plane in Figure [5j In these plots, the ISP is 
not corrected for, and the position of the ISP at 5500 A is 
shown by the gray circle. Colors of the points represent 
the Doppler velocity measured from 6355 A (Si ii), 8567 
A (Ca ii), and 7774 A (O i). As already shown in Section 
13.21 polarization change at the Si and Ca lines is detected 
not only at photospheric velocity [v = 7,200 km s~^), 
but also at higher velocities {v > 12, 000 km s~^). This is 
more clearly seen in the polarized flux [PFx in Figure[4]), 
which has a peak at high velocity {v ~ 12, 000 km s~^). 

In the Q-U plane (Figure [5]), polarization at the Si ii 
and Ca ii lines shows a "loop". It can also be inferred 
by the large variation in the ISP-corrected position an- 
gle at the line (Figure [3]). A similar structure in 
the Q-U plane has b een discovered in s everal Type la 
SNe, e.g., SN 2001el (|mng et al.l[2003al) and SN 2004S 
(jChornock fc Filippenkall2008f l. The presence of the loop 
means that the polarization degree and position angle 
do depend on the velocity, i.e., the depth in the ejecta. 
Thus, it suggests that the distribution of the element is 
not axisymmetric. If the distribution were axisymmet- 
ric. the data would be distributed in a straight line in 
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Fig. 5. — Q-U diagram for the data around the Si II A6355, Ca II IR triplet, and O I A7774 at t = +5.6 days. Different color shows the 
Doppler velocity according to the color scale bar. Note that the velocity is measured from 6355 A and 8567 A for the Si II (A6347, 6371) 
and Ca II (A8498, 8542, 8662) lines, respectively. The data are binned into 20 A for the Si II line and 40 A for the Ca II and O I lines. 



the Q-U plane. 

Interestingly, the loop of the Si ii line and the Ca il 
line shares a similarity: it goes counterclockwise for the 
larger blueshift (higher velocity, see left and center panel 
of Figure[S]). This is in contrast to the behavior of the O i 
line, whose loop is not prominent (right panel of Figure 

. The marginal loop of the O i line goes to a direction 
different from that of the Si ii and Ca ii lines. 

These facts suggest that the distributions of Si and 
Ca are correlated. In addition, the distribution of these 
elements is different from that of O, which may have a 
complementary distribution. But all of these elements 
share similar velocity space. This configuration can be 
understood if intermediate-mass elements have a non- 
axisymmetric, large-scale clumpy distri bution, with some 
clumps sticking out to t he 0-ricli layer (jWang et al.ll2006l : 
I Wang fc Wh"eey [20081) . 

Summarizing the spectropolarimctric properties, the 
explosion geometry of SN 2009dc seems to be similar 
to normally luminous Type la SNe with normal expan- 
sion velocities. The explosion is globally spherical with 
clumpy distribution of intermediate-mass elements. 



4.3. a 



Si II 



Ami5(_B) Diagram 



The clumpy structure of intermediate-mass elements 
discussed in Section 14.21 seems to be common in 
Type la SNe (iWang et all 120061 1 Wan g fc Wheelei] [20081: 
iChornock fc FiliDDenkoll2008r In this section, we discuss 
the property of line polarization of SN 2009dc comparing 
w ith other Type la SNe. 

IWang et"aI1 (|2007[ ) presented the largest spectropolari- 
metric sample of Type la SNe. They showed a corre- 
lation between the polarization degree of the Si ii line 
and the decline parameter of the light curve Ami5(i3), 
the difference in the B-band magnitude at maximum 
and at 15 days after the maximum (brighter SNe de- 
cline more slowly, and thus, have smaller Ami^^B), e.g., 
Phillipj|199 3': 'Phill ips et aLlll999t) . The data taken from 



Wang et al . (2007) are plotted in blue points in Figure[ni 



The time evolution is not corrected for. With two excep- 
tions (SNe 2004dt and 1999by), they suggested that the 
brighter SNe (with smaller Ami5(i3)) show the smaller 
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Fig. 6. — Polarization change at the Si II A6355 line versus the de- 
cline rate of the B band light curve, Ami5(B). The red poin t show s 
SN 2009dc. The blue points show the data from lWang et al.l lOOOTh . 
The time evolution is not corrected for. They consist only of pre- 
maximum data (from —10 to —2 days). The gree n points show 
the p ostmaximum data of SNe 1997dt (+21 da ys, [Leonard et al.l 
[20051), 2003du (+18 days. [Leonard et al.l 120051) . and 2004S (+9 
day s , IChornock fc Filipt>enkoll200SI) . 



li ne polarizati on. 

I Wang et al.l (|2007[ ) limited their sample to the data 
taken at premaximum phases. From the literatures, 
we have added three spectropolarimctric examples at 
postmaximum phases (green points in Figure Q: SN 
1997d t {+21 days, Psiii = 0.4% ± 0.2%, [Leonard et al] 
2mh. SN 2003du (4-18 days, Psiii = 0.2% ± 0.05%, 



Leonard et a L[ l2005D. and SN 2004S (4- 4 days, Psiii = 
0.3% ± 0.05%. IChornock fc Filip penko' '200%. Their 
Ami5(B) is 1.04 ± 0.15 rnag (p ha et al. 20 0j), 1-02 i fc 
0.05 mag (lAnupama et al.l [2 005: Stanish cv et al.ll2007D 
and 1.14 4i 0.01 mag ([Misra et al..,2005: .Krisciunas et aTl 
l2007f ). respectively. We must be careful about the time 
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evolution of polarization. It is thou ght that the degree 
of polarization decrease s with time (jWang et al.ll2003aL 
l2007tlPatat et al.ll2009t ). but the number of muhi-epoch 
spectropolarimetric observations is not sufficient to clar- 
ify the common property of the time evolution. 

Keeping this caveat in mind, we can still see the 
trend that brighter SNe have smaller line polarization. 
As is inferred from spectral models for Type la SNe 
(|Mazzah et al.ll2007[ ). brigher SNe have the thinner Si- 
rich layers, i.e., the degree of the line polarization is 
smaller in SNe with the thinner Si-rich layers. In 
addition, SNe with high Si II lin e velocities tend to 
have a high Si II l ine polarization ([Leonard et al.l [20051 : 
IWang et al.l 120061: iPatat et al.l [20091). In high- velocity 
SNe, the Si-rich layer is tho ught to be thick ([Stehle et al.l 
120051 iTanaka et al]|2008bD . We thus suggest that the Si 
line polarization can be used as an indicator of thickness 
of the Si-rich layers, or that enough thick Si-rich layers 
are required to produce the sufficient Si II line polariza- 
tion. 

SN 2009dc is an extremely luminous SN, synthesiz- 
ing > 1.2Mq of ^^N i (Ami,5(B) = 0.65 ± 0.03 mag, 
lYamanaka et al.ll2009[ ). Despite the large production of 
^^Ni, we have detected a moderate degree of line polariza- 
tion. The degree of the Si line polarization (0.5%±0.1%, 
red point in Figure [6|) is higher than expected from the 
trend seen in other Type la SNe (blue and green points). 
This fact suggests that SN 2009dc has enough thick, 
clumpy Si-rich layers above > 1.2Mo of ^^Ni-rich lay- 
ers. 

It must be cautioned, however, that this discussion re- 
lies largely on the small number of spectropolarimetry 
of SN 1991T-like overlumin ous Ty pe l a SN, especially 
on S N 2001V ([Wang et al.l l2007l see iMatheson erall 
|2008| for spectroscopic behavior). To firm the conclu- 
sion, more spectropolarimetric observations of SNe with 
Ami5{B) = 0.7 — 1.0 mag are necessary. 

4.4. Theoretical Models 

We have shown that SN 2009dc shows the small contin- 
uum polarization and moderate line polarizations. From 
the relation between Ami^^B) and the Si ii line polar- 
ization, it is suggested that SN 2009dc has enough thick, 
clumpy Si-rich layers. Combined with the low line ve- 
locities a nd the clear detection of the strong C ii line 
fYamanaka et al.ll2009t) . we suggest that SN 2009dc has 
a super-Chandrasekhar ma ss. 

iHillebrandt et al.l (|2007t ) suggested a possibility that 
the extremely luminous Type la SN 2003fg is an aspher- 
ical explosion of a Chandrasckhar mass white dwarf. In 
their scenario, the explosion is triggered at an off-center 
position, and nuclear burning preferentially takes place 
toward one direction. As a result, the distribution of ^^Ni 
is lopsided. With such a lopsided explosion, the extreme 
luminosity can be explained even with 0.9 Mq of ^^Ni 
when we observe the SN from the ^®Ni-rich direction. 

Although this explosion model is very aspherical, the 
expected continuum p olarization may not be very large. 
iKasen fc Plewal ([2007( ) presented theoretical predictions 
of the polarization s pect r a for a detonating failed defla- 
gration model by Plcwa[ ([20071 ) , in which the off-center 
ignition is followed by a surface detonation. The center 
of the ^^Ni distribution is displaced also in this model. 
The resultant SN can be brighter when it is viewed from 



the direction in which the detonation takes place. The 
predicted continuum polarization is small in every line of 
sight. This is understood as following. In the ellipsoidal 
geometry, non-zero polarization is expected because of 
the difference in the amount of light from the pole and 
the equator (90-degrees away) , having orthogonal polar- 
ization directions. In the off-center model, on the other 
hand, the difference is mainly in 180-degrees away, and 
thus, the resultant net polarization is small. 

It is also worth comparing the Si ii line polar- 
ization of this off-cen ter ignition model ([Plewal 120071 : 
IKasen fc Plewal l2007l ) with the observation (0.5% ± 
0.1%). Although the expected p o lariza tion depends on 
the line of sight, IKasen fc Plewal ([2007D found that the 
line polarization tends to be high, reflecting the aspher- 
ical distribution of intermediate mass elements. In there 
model, the Si ii line polarization is greater than 1 % in 
almost half of the possible viewing angles. 

Next, we discuss explosion geometry of a super- 
Chandrasekhar mass white dwarf. When a super- 
Chandrasekhar mass is maintained by rapid rotation, the 
rotation speed is limited by the critical rotation at the 
surface in the equatorial direction. If the rotation is uni- 
form, the Chandrasckhar mass is only 1.5 Mq. If the 
white dwarf mass is as large as 2 Mq, then the rotation 
must be differential and the white dwarf prior to the 
explosion has an asp herical shape ([Uenishi et al.l [20031 : 
lYoon fc Langal[2005l) . 

The explosion of supe r-Chandrasekhar mass white 
dwarf was first studied bv lSteinmetz et all ([1992f ). They 
explored pure detonation models and found that almost 
all the materials are burned into Fe-peak elements. This 
is incompatible with the observed properties of normal 
and extrem ely luminous Type la SNe. 

Recentlv. IPfannes et al.l |2010bf ) performed simulations 
of deflagration models of super-Chandrasekhar mass 
white dwarf. They found that the deflagration model 
does not result in a bright enough SN, and is unlikely to 
ex plain the extremely lum inous Type la SNe, as noted 
bv lHillebrandt et all (I2007D. 

Interestingly, IPfannes et al.l ([2010af ) revised the 
simulations of pure detonation models of super- 
Chandrasekhar mass white dwarf. They found that the 
entire white dwarf is not burned into Fe-peak elements, 
and that some intermediate mass elements are synthe- 
sized. In their models, the synthesized mass of ^^Ni is 
sufficiently large (^ I.5M0) to explain the extremely lu- 
minous Type la SNe. It is worth testing the spectroscopic 
and spectropolarimetric properties of this model. 

Note that a recently proposed scenario involving 
the collision of two white dwar fs could also realize 
super-Chand rasekhar mass ejecta ([Rosswog et al.l [20091 : 
iRaskin et al.l [200911 . However, this scenario predicts a 
very aspherical explosion, and thus, it may not be con- 
sistent with the small continuum polarization level ob- 
served in SN 2009dc. 

5. CONCLUSIONS 

We have presented the first spectropolarimetric obser- 
vations of a candidate of the super-Chandrasekhar mass 
Type la SN: SN 2009dc. With the data taken at a later 
epoch, ISP is estimated with small uncertainty. We find 
that the continuum polarization of SN 2009dc is small 
(< 0.3%). The degree of line polarization is moderate 
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(0.5% ± 0.1% at Si II A6355, and 0.7% ± 0.1% at the 
Ca II IR triplet). These properties of polarization are 
similar to those of normally luminous Type la SNe with 
normal expansion velocities. 

The small continuum polarization indicates that the 
explosion is nearly spherically symmetric. This fact sug- 
gests that a very aspherical explosion is not a likely sce- 
nario for SN 2009dc. 

The polarization at the Si ii and Ca ii lines is detected 
not only at photospheric velocity (7,200 km s~^) but 
also at high velocity {v > 12,000 km s^^). In addi- 
tion, polarization data clearly show a loop in the Q-U 
plane, suggesting non-axisymmetric, clumpy distribution 
of intermediate-mass elements. 

Past spectropolarimetric observations of Type la SNe 
show the tr end that brighter SNe have smaller line 
polarization (jWang et al.l 120071) . However, the degree 
of line polarization of SN 2009dc deviates from this 
trend: it is larger than expected from its extreme bright- 
ness. This fact suggests that there are thick enough, 
clumpy Si-rich layers above the thick ^^Ni-rich layers 
(> 1.2Afo), and thus, the progenitor white dwarf has 



a super- Chandrasekhar mass. 

In summary, our spectropolarimetric observations, 
combi ned with photornetric and spectroscopic observa- 
tions (jYamanaka et al.ll2009D . suggest that SN 2009dc is 
an explosion of a super-Chandrasekhar mass white dwarf. 
The explosion geometry is globally spherically symmet- 
ric, with clumpy distribution of intermediate-mass ele- 
ments. 
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